Purpose We investigated the performance of the Inveon small-animal PET/SPECT/CT system and compared the imaging capabilities of the SPECT and PET components. Methods For SPECT, the energy resolution, tomographic spatial resolution and system sensitivity were evaluated with a 99m Tc solution using a single pinhole collimator. For PET, the spatial resolution, absolute sensitivity, scatter fraction and peak noise equivalent count were evaluated. Phantoms and a normal rat were scanned to compare the imaging capabilities of SPECT and PET. Results The SPECT spatial resolution was 0.84 mm fullwidth at half-maximum (FWHM) at a radius of rotation of 25 mm using a 0.5-mm pinhole aperture collimator, while the PET spatial resolution was 1.63 mm FWHM at the centre. The SPECT system sensitivity at a radius of rotation of 25 mm was 35.3 cps/MBq (4×10 −3 %) using the 0.5-mm pinhole aperture, while the PET absolute sensitivity was 3.2% for 350-650 keV and 3.432 ns. Accordingly, the volume sensitivity of PET was three orders of magnitude higher than that of SPECT. Conclusion This integrated PET/SPECT/CT system showed high performance with excellent spatial resolution for SPECT and sensitivity for PET. Based on the tracer availability and system performance, SPECT and PET have complementary roles in multimodality small-animal imaging.
Introduction
Molecular imaging of small laboratory animals using single photon emission tomography (SPECT), positron emission tomography (PET), and x-ray computed tomography (CT) has recently emerged as an important tool for the in vivo study of animal models of human disease. This imaging method enables longitudinal studies to be performed in the same animal, and animals can serve as their own control.
SPECT and PET have been used in functional imaging studies, including studies of the brain and heart, and gene expression and oncology studies [1, 2] . CT has also been used for anatomical imaging because it provides high contrast between bone and soft tissue. The use of SPECT, PET and CT in combinations such as SPECT/CT, PET/CT, SPECT/PET and SPECT/PET/CT -so-called "multimodality imaging" -may enable the development of new and interesting protocols for investigating many biological phenomena. Using these techniques, lesions visualized by functional imaging can be correlated with anatomic imaging. In general, CT is also used for attenuation and scatter correction of SPECT and PET images. However, in this study, neither attenuation nor scatter correction was performed.
SPECT, PET and CT images can be integrated by a "software approach" that fuses the images acquired by separate scanners. These techniques, however, are hampered by problems with object positioning and internal organ movement. Thus, animal movement and positioning of the holder require extreme care when using a software approach. Alternatively, these problems can be addressed by using a "hardware approach", which can be achieved by automatic imaging with a moving bed. The spatial transformation matrix for the registration is predetermined by phantom scanning. For small-animal imaging, a hardware approach is the more useful and convenient method.
In the past several years, a large number of small-animal SPECT [3] [4] [5] [6] [7] , PET [8] [9] [10] [11] and CT systems have been developed and have become commercially available. Moreover, efforts to develop trimodality preclinical systems integrated in a common gantry, including SPECT/PET/CT systems, are also underway. Examples of such systems are the FLEX Triumph imaging platform from Gamma Medica-Ideas and YAP(S)-PET [12] . Multimodality systems can employ the same bed for each modality and image fusion can be obtained.
We have had the opportunity to use a new integrated PET/SPECT/CT system developed for molecular imaging of small animals in vivo. Several recent studies have investigated the performance of the PET component of this system [13] [14] [15] [16] ; however, evaluation of the SPECT component and comparison of the performances of the PET and SPECT components have not yet been reported.
It is known that SPECT using a pinhole collimator has high spatial resolution, while PET has high sensitivity. This feature is an important consideration when deciding whether to use SPECT or PET. When integrated multimodality imaging systems are used, it is particularly important to understand the features and performance of each modality and to choose the appropriate modality for a particular experiment. Therefore, it is necessary to compare the performances of SPECT and PET in standard use.
The aims of the first two sections of this study were to evaluate the performance measurements of the SPECT component and to provide a basic characterization of the PET component. In the final sections, we compared the capabilities of SPECT and PET in terms of spatial resolution and sensitivity.
Materials and methods

System description
We tested the latest commercially available small-animal imaging system (Inveon; Siemens Medical Solutions, Knoxville, TN). Inveon offers SPECT, PET and CT imaging in dedicated, docked or integrated configurations to fit the research needs. Each performance is the same for all configurations. We have installed the integrated-type SPECT/PET/CT system. In this configuration, the SPECT, PET and CT components are combined in a common gantry, with SPECT and CT placed at the front and PET at the rear. The SPECT component is mounted perpendicularly to the CT component. The carbon fibre imaging bed has axial movement sufficient to image individually or with all three modalities in combination.
The SPECT component has a dual head detector geometry and can be mounted on a rotating gantry. Each detector head contains a 68×68 pixelated scintillator array of 2.0×2.0×10 mm NaI(Tl) crystals with a 0.2-mm gap, in combination with a position-sensitive photomultiplier tube readout. The maximum active imaging region is 150× 150 mm. Various interchangeable tungsten collimators can be attached to the detector (single pinhole collimators have apertures of 0.5, 1.0, 2.0 and 3.0 mm). The acceptance angle of the aperture is 90°, with a focal length of 90 or 95 mm. The transaxial and axial fields of view (FOV) vary with the radius of rotation from 28 to 45 mm. In the axial bed travel (continuous bed motion) mode, the axial FOV can be set to a larger value (≦250 mm). All counts are recorded and maintained in list mode to enable the use of various energy windows in postprocessing and reconstruction. Images can be reconstructed by the three-dimensional ordered subset expectation maximization (3-D OSEM) or 3-D maximum a posteriori (3-D MAP) method.
The PET component consists of 1.5×1.5×10 mm lutetium oxyorthosilicate (LSO) crystal elements with a ring diameter of 16.1 cm, to give an effective transaxial FOV of 10 cm and an axial FOV of 12.7 cm [13] [14] [15] [16] . The reconstruction methods have been described in detail in previous reports [13] [14] [15] [16] .
Physical study
For SPECT, the energy resolution, tomographic spatial resolution and system sensitivity were evaluated. For PET, the spatial resolution, absolute sensitivity, scatter fraction and noise equivalent count (NEC) were evaluated. To compare the imaging capabilities of SPECT and PET, the spatial resolution and sensitivity were evaluated using common phantoms: the micro-Derenzo phantom, a cylindrical phantom, and the National Electrical Manufacturers Association (NEMA) NU-4 image quality phantom [17] . Finally, to investigate the performance of the SPECT and PET components in a practical animal study, the rat bone was imaged. Optimal imaging parameters (e.g. activity, acquisition time and reconstruction settings) were not evaluated, but rather were determined from visual evalua-tion of the images of the rat bone and the findings of previous reports [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . An Inveon Acquisition Workplace 1.2.2.2 was used for SPECT and PET reconstruction.
SPECT
With regard to tomographic spatial resolution, and phantom and rat bone imaging (next section), projection data were acquired in the step-and-shoot mode with 60 or 120 views over 360°at 30, 60 or 90 s/view. The acquisition time per view was prolonged according to the radioactivity decay. A 20% window was centred at the 140 keV photopeak of 99m Tc. The radius of rotation was 25, 30, or 35 mm. The 3-D OSEM algorithm method was used in reconstruction (number of iterations, two; subsets, six). The image matrix voxel size was 0.5×0.5×0.5 mm (0.2×0.2×0.2 mm for tomographic spatial resolution measurements). Neither attenuation nor scatter correction was performed. All reconstructed images were normalized using a correction matrix derived from a uniform cylindrical phantom imaged prior to reconstruction. Since single pinhole collimators with aperture sizes less than 1.0 mm have been used in recent small-animal studies [1, 3, 5, 6] , only this size was evaluated in this study.
Energy resolution Crystal energy spectra within an energy window of 0-300 keV were obtained using a 99m Tc point source. A total of at least 10,000 counts were collected. Energy resolution was determined averaged over all crystals in the system and calculated as the full-width at half-maximum (FWHM) of a 140 keV energy peak divided by the energy value.
Tomographic spatial resolution Tomographic resolution was measured for the 0.5-and 1.0-mm pinhole aperture with a line source made from glass capillary tubes (inner diameter, 0.28 mm) filled with 99m Tc solution. The line source was mounted on the imaging bed and placed in the centre of the transaxial FOV and aligned axially. Linesource images were obtained as a function of the radius of rotation, which was varied in 5-mm steps from 25 to 35 mm. Projection data were acquired with 60 views over 360°at 60 s/view, for a total acquisition time of 32 min.
Count profiles of the reconstructed transaxial images across the voxel having the maximum voxel intensity were plotted in the horizontal and vertical directions. The FWHM and full-width at tenth-maximum (FWTM) were then determined by linear interpolation between adjacent pixels at a half or tenth, respectively, of the profile maximum value, which was determined by parabolic fitting using peak points and their two nearest neighbouring points. The averages of the horizontal and vertical directions were calculated simultaneously over ten transaxial slices. The results of resolution measurements were not corrected for the source dimensions.
System sensitivity System sensitivity was measured in the planar mode for the 0.5-and 1.0-mm pinhole apertures with a 99m Tc point source as a function of the source-to-collimator distance, which was varied in 5-mm steps from 25 to 35 mm. The point source was created by drawing a small fluid column into the tip of a 0.85-mm (inner diameter) capillary tube that was then mounted on the imaging bed in the centre of the transaxial and axial FOVs. The activity of the point source was approximately 0.5 MBq. During the acquisition time of 10 min, a total of at least 10,000 counts were collected in each measurement. System sensitivity was defined as the recorded counts per second divided by the decay-corrected activity of the point source.
PET
All performance measurements were set to a coincidence window of 3.432 ns and an energy window of 350-650 keV. Delayed events were subtracted from prompt events to correct for random events. The image matrix was 256×256×159, resulting in a voxel size of 0.385×0.385× 0.796 mm (512 × 512 × 159 matrix, 0.215 × 0.215 × 0.796 mm for spatial resolution measurements).
Spatial resolution Spatial resolution was measured using a 22 Na point source with a nominal size of 0.6 mm embedded in a lucite disk. The activity of the point source was approximately 2.8 MBq. The point source was attached to the imaging bed and centred in the axial FOV. Data were acquired for 30 s in list mode at the centre of the FOV and 2 cm radial offset position. All measurements were repeated four times. The images were reconstructed using the Fourier rebinning algorithm (FORE) and filtered back-projection (FBP) with ramp filter cut-off at the Nyquist frequency. The method for calculating FWHM and FWTM was similar to that in the SPECT spatial resolution test (previous section). The results of the spatial resolution measurements were not corrected for the source dimensions, positron range, or noncolinearity of positron annihilation.
Absolute sensitivity Absolute sensitivity was measured using a 15.0 cm glass tube with an inner diameter of 1.0 mm that was filled with 4.8 MBq of 18 F-FDG over 13.0 cm of its length. The glass line source was sealed at both ends and inserted into the smallest of a set of five concentric aluminium sleeves with a wall thickness of 1.0 mm, and was scanned to determine the sensitivity free from the effects of photon attenuation and scatter. Measurements were performed with the line source aligned along the scanner axis at the centre. Data were acquired for each decreasing number of sleeves, and for 10 min. The number of coincidences was measured for intrinsic radioactivity from 176 Lu in the LSO crystals and was subtracted to obtain the true counting rates, which were corrected for 18 F activity decay. Sensitivity was extrapolated to zero wall thickness from an exponential fit to slice sensitivity plotted as a function of the number of sleeves [18] .
Scatter fraction and NEC Scatter fraction and NEC were measured using two different cylindrical polyethylene phantoms to simulate a typical mouse (diameter, 3 cm; length, 7 cm) and rat (diameter, 6 cm; length, 15 cm). A 3.2 mm hole was drilled parallel to the central axis of the cylinder at a radial distance of 10 mm (mouse-like phantom) and 17.5 mm (rat-like phantom). A line-source insert with the same length as each phantom was filled with 11 C solution and threaded through these holes. The phantoms were mounted on the imaging bed and placed in the centre of the transaxial and axial FOVs [11] .
Background coincidence events due to intrinsic radioactivity from 176 Lu in the LSO crystals were also measured for 1 h with the mouse-or rat-like phantoms centred in the FOV, with no activity in the line source [19] . PET list mode data were sorted into two-dimensional sinograms using single-slice rebinning. Prompt and random sinograms were generated separately. For prompt sinograms of each slice, each projection was shifted so that the pixel containing the maximum value was aligned with the central pixel of the sinogram. After alignment, a sum projection was produced such that a pixel in the sum projection was the sum of the pixels in each angular projection having the same radial offset as the pixel in the sum projection. For each summed projection, all pixels in each sinogram located more than 8 mm from the edge of the phantom were set to zero. All pixel counts beyond a 7-mm radius (line-source band) from the centre of the profile were assumed to be the sum of random, scatter, and intrinsic counts. Counts above this line were regarded as true counts. Random and intrinsic counts were estimated from random and blank sinograms, respectively, using the same band size of 16 mm larger than the phantom [8, 17] . The scatter counting rate and NEC were determined using a methodology that was based on a previous report [11] . Finally, the peak NEC was determined for each phantom size.
Comparative study
Spatial resolution
A micro-Derenzo phantom was scanned to compare image resolution. This phantom has an inner diameter of 32 mm 
To calculate the recovery coefficient and estimate the fraction of the signal lost in the image due to resolution effects, we performed SPECT and PET scans of the NEMA NU-4 image quality phantom [17] . This phantom has a main fillable uniform region (inner diameter, 3.0 cm; length, 3.0 cm) and a solid acrylic glass region (inner diameter, 3.0 cm; length, 2.0 cm) with five fillable rods drilled through with diameters of 1, 2, 3, 4 and 5 mm. The phantom was filled with 35 MBq (1.6 MBq/ ml) of 18 F-FDG for PET scanning, or 31 MBq (1.4 MBq/ ml) of 99m Tc solution for SPECT scanning. For PET, the scan and reconstruction parameters were similar to those used for scanning the micro-Derenzo phantom. For SPECT, 120 projection views were acquired at 30 s/view over 360°, with a collimator of 0.5 mm aperture, at a radius of rotation of 35 mm. The total acquisition time was 32 min. Circular ROIs were then drawn in the reconstructed transaxial images for both SPECT and PET, around the main uniform region and for each rod (matched to physical diameters). Then the mean values of the ROIs were measured, and these values were divided by that of the main uniform region for the recovery coefficients of SPECT and PET in this study. Simultaneously, the average and standard deviation of ten axial slices were calculated.
Sensitivity
A cylindrical phantom was scanned to calculate the volume sensitivity [20] and evaluate uniformity. The glass cylindrical phantom (inner diameter, 2.5 cm; length, 9 cm) was filled with 50 MBq (1.1 MBq/ml) of 18 F-FDG for PET scanning, or 117 MBq (2.6 MBq/ml) of 99m Tc solution for SPECT scanning. For PET, the scan and reconstruction parameters were similar to those used for scanning the micro-Derenzo phantom. For SPECT, 60 projection views were acquired at 90 s/view over 360°, with collimators of 0.5 and 1.0 mm aperture, at a radius of rotation of 25 mm. The total acquisition time was 48 min. Neither attenuation nor scatter correction was performed. Circular ROIs were then drawn in the reconstructed transaxial images of both SPECT and PET scans. Using the data from these ROIs, the volume sensitivity was calculated as follows:
Volume Sensitivity ðcps=MBq=ml=cmÞ
where C total is the total counts in all projections with SPECT and the total true events in all systems with PET, t is the mid-scan time, A is the decay-corrected activity, and L is the axial length of a cylindrical phantom within an axial FOV. This method has been used previously for evaluating SPECT sensitivity in a clinical system [20] . For comparison, the PET data were then applied to this equation.
Quantitative uniformity and the coefficient of variation (CV) were calculated using the same ROI data. Quantitative uniformity was calculated as follows:
Uniformity ð%Þ ¼ ðMax SPECT count À Min SPECT countÞ ðMax SPECT count þ Min SPECT countÞ Â 100 ð2Þ
Animal study
On the same day and in the same position, the same animal was scanned with CT, 99m Tc-methylene diphosphonate ( 99m Tc-MDP) SPECT, and 18 F − PET. First, a normal rat (Sprague-Dawley, 165 g) was scanned with CT. Second, a bone SPECT scan was performed 2 h later, for 48 min, after injection of 96.9 MBq of 99m Tc-MDP. Finally, a bone PET scan was performed 1 h later, for 30 min, after injection of 59.8 MBq of 18 F − . The rat was anaesthetized with 1.0-1.5% isoflurane prior to imaging. The scan and reconstruction parameters used in CT and 18 F − PET scanning were similar to those used in scanning of the micro-Derenzo phantom. In 99m Tc-MDP SPECT scanning, 60 projection views were acquired at 90 s/view over 360°, with a collimator of 1.0 mm aperture, at a radius of rotation of 35 mm. The total acquisition time was 48 min. This animal study was performed in accordance with the guidelines for the care and use of laboratory animals of the Hokkaido University Graduate School of Medicine.
Results
Physical study
SPECT
The energy resolution averaged over all crystals was 12.4%. Figure 1 shows the averages of the horizontal and vertical tomographic spatial resolutions as functions of the radius of rotation for the 0.5-and 1.0-mm pinhole apertures. The resolutions for the 0.5-mm pinhole aperture were 0.84, 1.03 and 1.08 mm FWHM at a radius of rotation of 25, 30 and 35 mm, respectively, while the resolutions for the 1.0-mm pinhole aperture at each radius of rotation were 1.20, 1.25, and 1.27 mm, respectively. System sensitivities as a function of the source-to-collimator distances for the 0.5-and 1.0-mm pinhole apertures are plotted in Fig. 2 . System sensitivities at a source-to-collimator distance of 25 mm were 35.3 cps/MBq (4×10 −3 %) for the 0.5-mm pinhole aperture and 76.7 cps/MBq (9×10 −3 %) for the 1.0-mm pinhole aperture.
PET
The results of PET performance measurements are summarized in Table 1 . The horizontal and vertical spatial resolutions were 1.63 and 1.64 mm FWHM, respectively, at the centre of the FOV, and 2.16 and 2.26 mm FWHM, respectively, at a radial offset of 2 cm. At the centre of the Fig. 1 Tomographic spatial resolution in SPECT as a function of radius of rotation for 0.5-and 1.0-mm aperture sizes. FWHM fullwidth at half-maximum, FWTM full-width at tenth-maximum FOV, the absolute sensitivity for an energy window of 350-650 keV using a coincidence window of 3.432 ns was 3.2%. For an energy window of 350-650 keV and a coincidence window of 3.432 ns, the scatter fraction and peak NEC were 13.6% and 1,394 kcps at 146 MBq for the mouse-like phantom, and 19.2% and 560 kcps at 97 MBq for the rat-like phantom, respectively.
Comparative study
In comparing the spatial resolution of PET and SPECT using reconstructed images of the micro-Derenzo phantom, the 1.70-mm hot rods could be distinguished visually on PET images (Fig. 3b) , while the 1.35-mm hot rods could be distinguished on SPECT images with the 0.5-mm (Fig. 3c ) and 1.0-mm pinhole apertures (Fig. 3d) .
The recovery coefficients for SPECT using the 0.5-mm pinhole aperture and PET for each hot rod are shown in Fig. 4 . The recovery coefficient for SPECT with the 0.5-mm pinhole aperture was greater than that for PET for all hot rods. These results indicate that the partial volume effect was slightly less for SPECT than for PET. Figure 5 demonstrates uniformity in the reconstructed images of the cylindrical phantom. No image contained any visible artefact. No residual systematic deviation was apparent from the centre to the edge of the images.
The volume sensitivities as measured for SPECT with the 0.5-and 1.0-mm pinhole apertures and for PET were 2.0, 4.9 and 3.7×10 3 cps/MBq/ml/cm, respectively (Table 2) , which indicates that the volume sensitivity was three orders of magnitude higher for PET than for SPECT.
The quantitative uniformity and CV as measured for SPECT with the 0.5-and 1.0-mm pinhole apertures and for PET are summarized in Table 3 . The quantitative uniformities measured for SPECT with the 0.5-and 1.0-mm pinhole apertures and for PET were 71.1%, 37.0% and 23.8%, respectively. The CV values were lower for PET (6.0%) than for SPECT (0.5-mm aperture 18.0%, 1.0-mm aperture 11.5%), which indicates a greater uniformity for PET. Among the SPECT images, the uniformity for the 1.0-mm pinhole aperture was better than that for the 0.5-mm pinhole aperture. Figure 6 shows sagittal images of the rat bone obtained by CT, Tc-MDP SPECT images (Fig. 6c) . Bony structures, including the spine, vertebral canal and sternum, were more clearly visible in the 99m Tc-MDP SPECT images than in PET images.
Discussion
We studied the system performance and imaging capability of a new integrated PET/SPECT/CT system for molecular imaging of small animals in vivo. The performance of the PET component of this system has recently been reported [13] [14] [15] [16] ; however, this was the first study to evaluate SPECT performance in comparison with PET performance. We evaluated the performance measurements of the SPECT component and validated the basic characteristics of the PET component. By comparing SPECT and PET, we demonstrated the feasibility of the system for multimodality imaging, and provided a basis for deciding whether to select SPECT or PET. SPECT and PET have been shown to be effective for molecular imaging with various types of suitable radiopharmaceuticals, as well as for integrated molecular imaging using multiple radiopharmaceuticals at the same time. In particular, molecular imaging (in a pathology/physiology study), and the development of treatment strategies, therapeutic agents and methods and diagnostic probes/radiopharmaceuticals [21, 22] have been fully investigated in combination with perfusion imaging, metabolic imaging, neuronal transporter-receptor imaging, and angiogenesis, etc. 99m Tc-Annexin A5, a new SPECT tracer that is used as a marker of ongoing apoptotic cell death, and 18 F-FDG, a standard PET tracer that is used as a marker of inflammation, are considered to be useful for the detection of metabolically active atheroma [22] . In the development of a new diagnostic probe, evaluation in comparison with a standard probe is essential in order to understand the potential of the new probe and to show its superiority to the standard probe. Therefore, when we interpret the results of SPECT and PET images, it is particularly important to understand the features and performance of each modality. The results of the spatial resolution measurements, micro-Derenzo phantom imaging and recovery coefficient indicate that SPECT provides much better spatial resolution of reconstructed images than does PET (at a submillimetre scale). This is because PET has inherent limiting factors that degrade the resolution of reconstructed images, including those associated with the crystals (width, scattering, and penetration), photon noncolinearity, and positron range [23] . However, direct comparisons of spatial resolution between SPECT and PET are not appropriate because the size of the sources is different (0.28 mm in SPECT and 0.6 mm in PET). After correcting for the source dimensions, the SPECT spatial resolutions were 0.80, 1.00 and 1.06 mm at a radiuses of rotation of 25, 30 and 35 mm, respectively, whereas the PET spatial resolution was 1.52 mm. The differences in spatial resolution were diminished, but SPECT remained better than PET. In contrast, the advantage of PET over SPECT is that it exhibits a much higher sensitivity (by approximately three orders of magnitude) with respect to volume sensitivity. This advantage can be proven by the greater uniformity of PET for a lower CV value when using the cylindrical phantom, which occurs because SPECT requires physical collimators to reject photons [23] . The image quality of the rat bone study showed good agreement with these findings. Thus, the performances of SPECT and PET are complementary. The trade-off between resolution and sensitivity was in agreement with a previous report [23] .
In the NEMA NU-4 protocol, the recovery coefficient is calculated by using maximum values of each rod [17] . However, in SPECT images, the recovery coefficients using maximum values are overestimated because of statistical noise (leading to a recovery coefficient>1). Our measurement method using mean values is suitable for comparing the recovery coefficient between SPECT and PET.
To compare the sensitivities of SPECT and PET, we measured volume sensitivity from the cylindrical phantom. The emitted photons suffer attenuation and scattering by the water in the cylindrical phantom. This effect is dependent on the emitted radiation energy, object size, and material. Although the volume sensitivity includes the effects of attenuation and scatter, we consider that this method is suitable for evaluating the feasibility of the final image in comparing SPECT and PET. Because this measurement method is easy and convenient, we suggest that it should be used to compare the sensitivity of SPECT and PET.
With regard to SPECT performance measurements, tomographic spatial resolution was in general agreement with the results obtained from other small-animal scanners [3, 4] , for the same aperture size and radius of rotation. Our results for system sensitivity were also in general agreement with those from other small-animal scanners equipped with a single pinhole collimator and the same aperture size and radius of rotation [3, 6] . Compared to the latest smallanimal SPECT systems [5, 24] , the Inveon SPECT system has much lower sensitivity. In addition, the energy resolution for the Inveon SPECT system was much worse than that of the semiconductor system (12.4-5.6%) [7] , but comparable to that of the Anger-type system [3, 6] . The present results for tomographic spatial resolution and system sensitivity were lower than those on the manufacturer's datasheets. This was considered to be due to the use of different energy windows, reconstruction settings, etc. between our present measurements and those of the manufacturer.
With regard to PET performance measurements, the present results for spatial resolution differed slightly from those of previous studies [13] [14] [15] in which the results were obtained from 22 Na point-source images. Because the diameters of these sources are different from those used in our measurements, direct comparison is not appropriate. We measured the absolute sensitivity, free of photon attenuation and scatter, using an extrapolation method [18] . The absolute sensitivity in our study was comparable to that in a previous study [16] . The present results for scatter fraction and peak NEC differ slightly from those reported in previous studies, because we used cylindrical phantoms with slightly larger diameters than those reported in previous studies [14] [15] [16] . Tc-MDP SPECT with pinhole aperture 1.0 mm Improvement in PET resolution is generally limited by positron range, particularly in small-animal scanners [25] . The MAP reconstruction method has the advantage of being able to include the entire positron range directly into the algorithm. SPECT using a pinhole collimator is an exciting example of a technological advance that introduces the possibility of enhanced image resolution. It must be noted, however, that using a pinhole collimator with a small aperture results in decreased sensitivity. A multipinhole collimator has the potential to improve sensitivity. The Inveon permits the use of MAP reconstruction in PET and a multipinhole collimator in SPECT; thus, these are topics for further study.
In the present study, Tc-MDP SPECT showed higher spatial resolution, while 18 F − PET showed higher sensitivity, consistent with our physical measurements. Other tracers, however, are used in SPECT imaging for animal research. 125 I and 111 In, for example, have attractive chemical properties and are commonly used in molecular biology. The spatial resolution and sensitivity in SPECT using a pinhole collimator are changed by isotope energy because of aperture penetration [5] . In addition, the performance of SPECT and PET, particularly in spatial resolution and imaging studies, is influenced by the image reconstruction methods and parameters employed [13] . Thus, in future research it will be necessary to evaluate these performance tests using alternative tracers, reconstruction methods and parameters.
Conclusion
This system provided high system performance with excellent spatial resolution for SPECT and sensitivity for PET. Based on tracer availability and system performance, SPECT and PET have complementary roles in multimodality small-animal imaging.
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